Lymphotropic papovavirus (LPV) exhibits a highly restricted host range, in which only cells of primate B-lymphocyte origin are permissive for infection. Its enhancer element contributes to this tropism, since transcriptional potentiation is confined to cells of the hematopoietic lineage. Nuclear extracts from B and T cells, but not from HeLa cells, contain protein factors that interact specifically with the LPV 63-base-pair enhancer repeat, as demonstrated by DNase I footprinting and gel retardation experiments. Within the repeat three sequence motifs were identified: the core motif, the Pu box, and a novel element named T motif. Functional analysis demonstrated that these motifs as well as some sequences upstream of the repeat contribute to the optimal activity of the enhancer. There are clear differences between the patterns of binding of the B and T lymphocyte nuclear proteins to the enhancer which are also reflected in the transcriptional activity of the enhancer in both cell types. Furthermore, the activity of the LPV enhancer and its interaction with nuclear proteins seem to be regulated during B-cell differentiation.
Enhancers are cis-acting regulatory elements that potentiate transcription in a relatively position-and orientationindependent manner (for a review, see reference 17) . One of the best studied examples is the simian virus 40 (SV40) enhancer (3, 19, 23, 47) . It is located in the nontranscribed regulatory region of the SV40 viral genome between the early and late genes. Its major functional region consists of a 72-base-pair (bp) direct repeat, but approximately 120 bp upstream of the repeat are also required for optimal enhancer activity (47) . The whole enhancer region consists of a variety of sequence motifs. Although most single motifs cannot activate transcription to a considerable degree, oligomerization of a motif can create powerful enhancers (11, 26, 33) . Interestingly, these artificial enhancers have distinct cell specificities. While an oligomer of the core sequence shows almost the same pattern of activity as the entire enhancer, an oligomer of the "pseudocore" is active only in CV-1 cells and an oligomer of the Sph-I motif is lymphoid cell specific (26, 33) .
Enhancers have been characterized in a large number of cellular genes as well (17) . Besides being necessary for appropriate levels of expression, in many cases they are also responsible for tissue-specific expression of the corresponding gene. The best-studied example of a tissue-specific cellular enhancer is the immunoglobulin heavy-chain gene enhancer, which is active only in B lymphocytes (2, 15, 25) . Like viral enhancers, cellular enhancers consist of different sequence motifs (13) . Techniques that can probe DNAprotein interactions (e.g., DNase I footprinting, gel retardation, etc.) have shown that these motifs are the targets of specific nuclear factors (17) .
Lymphotropic papovavirus (LPV) belongs to the same family of papovaviruses as do SV40, BK virus, and JC virus (27, 37, 48) . LPV infects only mature B lymphocytes from primates (41) . Its genome structure is almost identical to that of SV40; the genomes share about 80% homology in their coding regions (28) . The major regions of nonhomology are confined to the sequences between the early and late transcriptional start sites which, in LPV, as in SV40, encompass an enhancer. The main feature of the LPV enhancer is a 63-bp direct repeat. In contrast to the SV40 enhancer, the LPV enhancer is only active in cells of the hematopoietic lineage and not in cells of fibroblastoid or epithelioid origin (24) . In this respect, the LPV enhancer activity is broader than the infectivity of the virus itself. In accordance with the in vivo results, it was shown that the LPV enhancer activates transcription in vitro when incubated with nuclear extracts of B and T cells but not HeLa cells, a human cell line of epithelial origin (35) .
To explain the host range restriction of LPV and the cell type specificity of the LPV enhancer, we found it necessary first to characterize the cis-acting regulatory elements contained within the enhancer and the trans-acting nuclear proteins that recognize these sequences. Using DNase I footprint analysis, we identified several sequence motifs within the LPV enhancer which interact with nuclear factors present in B and T lymphocytes. Mutational analysis of these motifs demonstrated that they are crucial for enhancer activity. Two of these regulatory elements interact with nuclear factors from both B and T cells (30, 43) . A newly identified sequence motif is specifically protected in T cells.
Oligomerization of the area of the LPV enhancer which contains the Pu box and the core sequences creates a powerful cell-type-specific enhancer. Furthermore, both the activity and the interaction of the LPV enhancer with nuclear proteins are regulated during B-cell differentiation.
MATERIALS AND METHODS
Cell culture and extract preparation. HeLa Fig. 1A ) was excised, ligated to BglII linkers, and cloned into the BamHI site of the SP65 polylinker such that the LPV HaeIII site at position 158 was located near the EcoRI site and the HaeIII site at position 392 was located near the XbaI site of the polylinker. After restriction within the polylinker, the plasmid was dephosphorylated and end labeled, and the LPV enhancer fragment was subsequently excised by a second restriction enzyme digestion. The uniquely end-labeled fragment was used for DNase I footprinting assays and sequencing.
DNase I footprinting reactions were carried out essentially as described previously (34, 45 Oligonucleotides. All oligonucleotides were synthesized (BioSearch 8700 DNA synthesizer) with three guanidine or cytidine residues at the ends to allow unidirectional ligation. They were used either for gel retardation experiments or to clone distinct parts of the LPV enhancer. For cloning, the two corresponding single strands were heated together to 95°C and cooled down slowly to room temperature for annealing. The double-stranded forms were separated from single-stranded forms on 10% polyacrylamide gels, cut out, and electroeluted in TE (10 mM (24) and in vitro (35) . The protected regions in the DNase I footprint analysis are marked C, P, and T. ori, Origin of replication. (B) Comparison of protected regions in the DNase I footprint assay of the LPV enhancer early strand with nuclear extracts from BJA-B, MOLT 4 , and HeLa cells. The LPV enhancer fragment was excised from the SP65 vector by restriction with EcoRI and XbaI. The strand coding for the viral early proteins was radioactively labeled by a fill-in reaction with the Klenow polymerase. After incubation with the extracts, the labeled strand was treated with increasing amounts of DNase 1 (0.25, 0.5, and 1.0 ,ug in lanes a, b, and c, respectively). In the control lanes (-prot.), DNA was incubated only with 20 to 40 ng of DNase I. The digestion products were separated on 5% sequencing gels. Protected areas are marked C, P, and T. A, DNase I-hypersensitive sites. The positions of the 63-bp repeats are indicated. (C) Summary of the results of the DNase I footprint analysis of the LPV enhancer fragment in B-and T-cell nuclear extracts. The reactions for the late strand were carried out as described for the early strand in panel B. L and E mark the late and early strands, respectively. A, DNase I-hypersensitive sites. The Pu box (P) and the core (C) sequences are underscored, the protected regions (P, C, and T) are bracketed, and broken lines indicate weaker protection. The results are shown for one repeat. In the second repeat the corresponding regions were protected (subscript 2). The numbering system is that of Pawlita et al. (28) . that a 234-bp fragment including the LPV enhancer with the 63-bp repeat (Fig. 1A) was active in cells of the hematopoietic lineage but not in epithelial cell lines (24) . To identify factors that interact with the LPV enhancer, we prepared nuclear extracts from the human cell lines BJA-B, a Burkitt's lymphoma cell line representing mature B lymphocytes (20) , MOLT 4, an acute T-cell lymphoblastic leukemia cell line (22) , and HeLa cells of epithelial origin (14) by previously described methods (6, 45) and used them in the DNase I footprint analysis (12) . The 234-bp fragment was radioactively end labeled, incubated with the different nuclear extracts, and partially digested with increasing concentrations of DNase I. Figure 1B shows the protected areas within the 63-bp repeat on the strand coding for the early viral proteins. With the BJA-B extracts, an 18-bp region containing the Pu box (marked P) and the core motif (marked C) was protected in both repeats. This region included a DNase I-hypersensitive site consisting of two cytidine residues (motifs P and C; see below). When the strand coding for the late viral proteins was labeled, a region spanning 22 nucleotides was protected. At the same position as in the strand coding for the early proteins two DNase I-hypersensitive sites were observed (data not shown). Incubation with the MOLT 4 extracts resulted in a footprint in the same area (Fig. 1B) , but the protected sequence was more extended, indicating that a modified factor or a different factor was binding in T cells. In addition, a second protected region (marked T) of 16 nucleotides was found (Fig. 1B) . In contrast to the results obtained with the B-and T-cell extracts, no protected domains could be seen in footprint experiments with HeLa nuclear extracts (Fig. 1B) . The same results were observed with different extract preparations. The data from the DNase I footprint analysis are summarized in Fig. 1C .
The protected region common to B and T cells contains the core motif and the Pu box. The core motif is found in many viral and cellular enhancers (43) , and the Pu box, a purine-rich region, is found in many lymphoid cell-specific transcriptional elements, such as the immunoglobulin heavychain gene enhancer (1), the 5' area of the major histocompatibility complex class II gene (7) , and the SV40 enhancer (30) . In contrast to the core motif and the Pu box, the T motif has not been described before. Fig. 2 ). The same complex was found with nuclear extracts from the B-cell line Namalwa, a human Burkitt's lymphoma cell line (data not shown). This factor was present only in very small amounts in MOLT 4 and HeLa extracts. On the other hand, the MOLT 4 extract contained a different factor that formed a weak protein-DNA complex and that was not seen with the other extracts (upper arrowhead in Fig. 2) . No specific complex could be detected with HeLa nuclear extracts. The specificity of binding was tested in competition experiments in which only the wildtype oligonucleotide (L 30) competed effectively for binding (data not shown). One band was detected with all oligonucleotides (asterisk in Fig. 2 ) and was most likely due to binding of a protein to three protruding guanosine or cytidine residues which were introduced into all oligonucleotides to facilitate unidirectional cloning (36) . The amount of this protein varied according to the conditions of cell growth and nuclear extract preparation (see, for example, the two BJA-B nuclear extracts in Fig. 2) .
Two independent mutations in the Pu box region (L 31 and L 38; Fig. 2) led to a dramatic decrease in the binding of the B-and T-cell-specific factors, confirming the specificity of the factors binding to the Pu box. Surprisingly, a mutation in the core motif (L 32) had no effect on the binding of the cell-specific factors. The altered G residue was previously shown to be critical for the function of the core motif in the SV40 enhancer (43) . Simultaneous mutations in both the Pu box and the core motif (L 33) resulted in a pattern similar to the one observed with oligonucleotides L 31 and L 38, in which only the Pu box was changed. These results demonstrate that the Pu box sequences were sufficient for the binding of the cell-type-specific factors seen in the gel retardation assays. To confirm these results, we synthesized a shorter oligonucleotide (L 37) containing the wild-type Pu box but not the core motif. This oligonucleotide was sufficient to form the B-cell-specific complex with BJA-B nuclear extracts (Fig. 2) .
In addition to the described complexes, faint protein-DNA interactions were found with the L 30 wild-type oligonucleotide but were not further investigated. The Characterization of the LPV enhancer in vivo. To test whether the binding sites identified in vitro contributed to the activity of the LPV enhancer in vivo, we introduced deletions and specific mutations and cloned the corresponding fragments in front of the SV40 promoter of plasmid p209A21 driving the cat gene (21) . The constructs were introduced by electroporation into BJA-B, MOLT 4, and HeLa cells. In all transfection experiments, the parental vector p209A21 was used as a negative control and pSV2CAT (16) , which contains the SV40 enhancer, was used as a positive control. Plasmid pLPV CATS (24) , which contains the entire LPV enhancer, was also used. In B and T cells, all constructs were compared with pLPV CATS, the activity of which was set arbitrarily at 100%. The different constructs are shown in Fig. 3A .
As previously described, pLPV CATS is active in BJA-B and MOLT 4 cells but not in HeLa cells (24) . In HeLa cells, activity was not detectable with any of the LPV enhancer constructs, whereas the SV40 enhancer stimulated transcription considerably (data not shown). The two 63-bp repeats alone without further 5' or 3' sequences (pLPV 1) were almost as active as the wild-type enhancer in MOLT 4 cells (Fig. 3A) . In MOLT 4 , and HeLa cells to the Pu box-core region of the LPV enhancer in gel retardation assays. The gel retardation assays were carried out as described in Materials and Methods. The sequences of the synthetic double-stranded oligonucleotides spanning the Pu box and core sequences are shown. Mutated nucleotides in oligonucleotides L 31, L 32, L 33, and L 38 are underlined. L 37 contains only Pu box sequences and was used to determine whether the Pu box itself is sufficient to bind the B-cell-specific factor (rightmost two lanes). For the wild-type (wt) oligonucleotide L 30, the control (-protein) is shown in Fig. 4 , and the result for two independently prepared BJA-B extracts is shown here instead. The upper arrowhead indicates the T-cell-specific protein-DNA complex, and the lower arrowhead indicates the B-cell-specific complex. The common band (asterisk) in all lanes is due to nonspecific binding of a factor to the protruding ggg or ccc (corresponding strand) ends of the oligonucleotides. L 37 contains only two c's. 4 cells. In contrast, one repeat plus 32 bp of upstream sequences (pLPV 2) was active in BJA-B cells (30%) and MOLT 4 cells (85%). Thus, the presence of two copies of the repeat is necessary for full activity of the enhancer, but upstream sequences contribute to the transcriptional stimulation as well. The activity of the upstream sequences was most pronounced in B cells, whereas in T cells the effect was observed only when one of the repeats was present. The same results were obtained independent of the orientation of the inserted fragment.
Mutations in the Pu box (pLPV 3 and pLPV 6; same mutations as in the L 38 oligonucleotide; see above) resulted in a complete loss of activity in both BJA-B and MOLT 4 cells, confirming the importance of the Pu box for enhancer activity in vivo. Mutations were introduced into the core and T motifs in pLPV 4 (constructs pLPV 7 and pLPV 5, respectively). Both constructs were inactive in MOLT 4 cells, demonstrating that both the T and the core motifs contribute to enhancer activity in T cells.
It was previously shown that enhancers with a distinct blast and plasma cells (4) .
The transcriptional factor NF-KB, involved in the expression of the immunoglobulin genes, is only present in mature B cells, whereas the factor OTF-2 is also present in earlier stages (34, (38) (39) (40) (41) 44) . Since it has been demonstrated that sequences homologous to the Pu box are also present in the immunoglobulin heavy-chain enhancer and are required for activity (30), we were interested in determining whether the LPV enhancer is regulated during B-cell differentiation and whether the activity correlates with the presence of the corresponding nuclear factors. To answer the first question, we transfected several cell lines representing different stages of B-lymphocyte differentiation with plasmids pLPV CAT, and pSV2CAT (as a control). The activity in all cell lines was compared with the activity of pSV2CAT in BJA-B cells, which was set at 100. The SV40 enhancer strongly stimulated transcription in all cell lines, whereas the LPV enhancer was only active in mature B cells (BJA-B and Daudi) as well as in the plasma cell line R-LICR (Table 1) . In these three cell lines, the activity of the LPV enhancer was significantly lower compared with that of the SV40 enhancer, but the ratio of SV40 to LPV enhancer activity was constant. In pre-B cells (cell lines 207 and 697) or in cells in an early stage of differentiation (LBW 4) (8, 10, 18) , the LPV enhancer was not active.
Subsequently, nuclear extracts from BJA-B cells (representing mature B cells) and 207 cells (representing pre-B cells) were compared in gel retardation assays. The Bcell-specific factor binding to the Pu box (arrowhead in Fig.  4 ) was much more abundant in the mature B-cell line BJA-B.
The pre-B cell line 207 contained only low levels of the factor. As a control, an oligonucleotide containing the XP- (24) . The aim of this study was to identify and characterize the cis-acting elements and their corresponding trans-acting factors that are responsible for this tissue specificity and to compare the requirements for enhancer activity in B and T lymphocytes.
The results presented here demonstrate that three sequence elements, namely, the core, the Pu box, and the T motif, bind nuclear proteins present only in lymphoid cells. Mutational analysis showed that these motifs all contribute to enhancer activity. Besides the two 63-bp repeats which contain these three transcriptional elements, sequences outside the repeats also contribute to optimal enhancer activity. Thus, the LPV enhancer, like most transcriptional elements, consists of different sequence motifs. Since it is composed of only a small number of motifs which are active only in lymphoid cells, it is not surprising that the activity of the whole enhancer is also restricted to these cells. In contrast to this very specific enhancer, the SV40 enhancer is highly active in a variety of cell types. In this case, many motifs, such as the core, the pseudocore, the Sph-I motif, the octamer, the Pu box, and the P motif, contribute in various extents to enhancer activity (19, 26) .
The three motifs protected in the footprint analysis of the LPV enhancer are the Pu box, the core, and the T motif. The (Fig. 2) . The subscripts "s" and "as" refer to sense and antisense, respectively. (B) Sequences of the LPV CAT constructs used for transfection in BJA-B, MOLT 4 , and HeLa cells. pLPV 2 and pLPV 4 contain only wild-type sequences. In the other constructs, the introduced mutations are underlined. All constructs were made with synthetic oligonucleotides. The brackets indicate the protected areas in the DNase I footprint analysis (Fig. 1B and C) . Pu box is found in a large number of lymphoid cell-specific transcriptional elements, such as the major histocompatibility complex class II genes and the immunoglobulin enhancer (1, 7). It was first identified in the SV40 enhancer, in which it is found approximately 120 bp upstream of the 72-bp repeats. Duplication of a DNA segment containing the Pu box creates a lymphoid cell-specific enhancer (30) . In the case of LPV, oligomerization of the Pu box-core sequence also creates a cell-type-specific enhancer but, in contrast to that in SV40, it is active only in T cells. As the DNase I footprinting and gel retardation experiments showed, different factors are bound in B and T lymphocytes. It has been shown for the octamer motif that the same sequence binds a plethora of factors which can, in turn, mediate different tissue specificities (36) . Recently, a 100-kilodalton protein from mouse lymphocytes that interacted with sequences similar to the Pu box and present in the immunoglobulin CR enhancer was purified and shown to mediate immunoglobulin enhancer activity (1); however, it is unclear whether this factor binds the LPV Pu box. As the in vivo experiments demonstrated, the Pu box is essential for B-and T-cell activity, although the oligomer works only in T cells. Mutations in the Pu box lead to a dramatic decrease in activity in both cell types. So, although the Pu box is required for activity in B cells, it probably requires other sequences for its activity. If The core motif is found in many transcriptional elements, and oligomers of the core motif are active in a wide variety of cells (26) . However, the core motif found in the LPV enhancer binds lymphoid cell-specific proteins since, in contrast to the results with nuclear extracts of lymphoid cells, it is not protected in the DNase I footprint analysis with HeLa extracts. In addition, an oligomer of the mutated oligonucleotide L 31, which contains a tetramer of the wild-type core sequence, is active in B and T cells but not in HeLa cells. Interestingly, the LPV core is identical to the core in the immunoglobulin enhancer, and mutational analysis showed that the core contributes to immunoglobulin enhancer activity (29) . It is noteworthy that in the immunoglobulin C,u enhancer the Pu box and the core motif are also found in close proximity and the core represents the strongest homology between these two lymphoid cell-specific elements (34) .
Although the core motif is clearly protected in the footprinting experiments, an oligonucleotide consisting only of the core sequence does not bind proteins in the gel retardation experiments. It is probable that the core-binding protein needs additional sequences not present in the oligonucleotide and/or that the binding of proteins outside the core sequence is required. This might also be true for the T motif: the same sequence which is protected in the DNase I footprinting experiments with T-cell nuclear extracts does not form a complex with nuclear proteins in the gel retardation assays. Mutational analysis proved that this sequence, like the Pu box and the core motif, contributes to enhancer activity in T lymphocytes. However, computer analysis shows that no sequence homologous to the T motif has been described to date in any regulatory element.
Thus, all three motifs identified in the 63-bp repeats of the LPV enhancer by in vitro experiments are involved in mediating transcriptional activity in a cell-type-specific manner. In addition, sequences upstream of the repeats contribute to the overall activity. The results presented here describe the activity of the LPV enhancer in B and T cells. Since the LPV enhancer is also active in other cell types of the hematopoietic lineage, such as erythrocytes, macrophages, and granulocytes (24) , further insights into its activity should come from characterizing cis-acting elements and the corresponding trans-acting factors present in these cells and comparing them with the ones analyzed in B and T lymphocytes. Moreover, purification and cloning of the proteins interacting with the LPV enhancer and regulating its activity will help to better understand its cell type specificity and regulation of transcription in cells of the hematopoietic lineage.
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